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Abstract 
To date, several coreflood and single well tracer tests have shown that injecting water with lower salt concentration brings an 
incremental recovery of 20% to 30% over conventional flooding with high saline water. However injecting fresh water 
(desalination of produced connate water) is much costlier than conventional sea water flooding. Therefore to evaluate the 
economic viability of this Enhanced Oil Recovery mechanism careful consideration of injection volume should be taken into 
account. Thus the injected low salinity water volume should be less than 1 Pore Volume (PV), preferably in the range of 0.3 to 
0.5 PV. It has been found by Jerauld et al. (2006) that injecting 0.4 PV of low salinity water is optimum. 
The main objective of this project is to investigate whether injection of 0.4 PV low salinity slug is optimum when there are 
permeability heterogeneities such as layering and gravity. A field scale evaluation is also performed using a sector model of 
the Wytch Farm oil field.  
Simulation results from 1Dimensional (D) ,2D homogenous and 2D layered models show that injecting slugs of low 
salinity water greater than 0.4 PV brings less than 1% incremental recovery in all cases. However, in the 2D (vertical section) 
heterogeneous model with 2 layers, a 0.4 PV was found to be optimum only for higher permeability contrasts such as 20, 50 
and 100 and when the higher permeability layer was at the top of the reservoir. For lower permeability contrasts such as 2, 5, 
and 10 a 0.5PV slug was found to be optimum. In contrast, when the higher permeability layer was at the bottom, a slug size of 
0.3PV was found to be sufficient. In the Wytch farm sector model, it was found that injecting low salinity in slugs was 
ineffective. This was due to mixing with the high salinity chase and connate water, therefore injecting 1PV of low salinity was 
considered as the best injection volume.  
On the whole, the optimum low salinity injection volume was found to be increasing with reservoir heterogeneity and the 
influence of gravity on oil recovery was found to be minimal. 
 
Introduction 
Low salinity waterflooding is a promising technique for improving oil recovery in sandstone reservoirs (Nasralla, 2011).The 
idea of injecting low salinity water into the petroleum reservoir started in the 60s. Bernard (1967) observed injecting fresh 
water improves oil recovery. His concept failed to capture the attention of the petroleum industry.Thereafter 
Jadhunandan(1991), Morrow(1995), Yildiz and Morrow (1996) and Morrow et al. (1998) carried out an extensive work based 
on the older proposal of Bernard and confirmed the potential of low salinity in increasing the oil recovery from sandstone 
cores containing clays. This work was further continued by Zhang et al. 2007, Agbalaka et al. 2009.To date, several laboratory 
coreflood and field studies have been carried out to test the potential of low salinity waterflooding for improving oil recovery 
at the field scale and the authors concluded that the initial wetting condition is a crucial property (Robertson (2007), Mahani et 
al. (2011), Vledder et al. (2010)). Many mechanisms have been proposed but there is no agreement on the universal 
mechanism that drives the improvement in oil recovery by low salinity waterflood. 
Throughout this project the low salinity effect will be modelled as a change in relative permeability as proposed by Jerauld 
et al. (2006).The low salinity and high salinity threshold values were set as 1000 ppm and 5000 ppm, respectively. This was 
based on the conclusion of McGuire et al. (2005) from the laboratory results of Single Well Tracer Tests in Alaska’s North 
Slope, showing that low salinity effect is seen when the salinity of the injected brine is below 5000 ppm. Initially, the potential 
of low salinity over high water salinity injection is evaluated in a 1D homogeneous model, by injecting water with different 
salinities from 0 kg m3⁄  to 50Kg m3⁄ . Simulation results showed an incremental recovery of 17.4% by injecting 1 pore volume 
of low salinity water (0 kg m3⁄ ), from that of injecting 1 pore volume of high saline water (50kg m3⁄ ).  
In the main body of this thesis a detailed discussion on the selection of the best number of grid blocks,the choice of 
optimum low salinity slug size for homogeneous, heterogeneous (2-layered and multilayered), analytical solutions and field 
evaluation are provided. 
 
Modelling Low Salinity Water Flooding 
Although many possible mechanisms have been proposed in the literature since the 1970’s the exact mechanism behind 
low salinity flooding is not yet understood. However, simulation results show clear evidence of the impact of brine salinity on 
oil recovery (Tang and Morrow, 1999). The relationship between the difference salinities and the oil recovery is not yet 
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proven. In the current model the brine salinity is directly related to the relative permeability curves and this dependence 
disappears at high and low salinities, thereby taking into account what Morrow and co-workers reported for Berea core.  
 
Salinity Dependence 
To simulate the effect of salinity two sets of relative permeability curves are used based on a simple empirical dependence 
with thresholds assigned for low and high salinity brines, as shown in Figure 1. Therefore, a set of water-wet and oil-wet 
relative permeability curves were assigned for low and high salinity water by using threshold limits such as 1000 ppm and 
5000 ppm respectively. For any values in between these two thresholds, the defined water-wet and oil-wet relative 
permeability curves are interpolated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mixing of connate and injected water 
The bulk of evidence from the literature suggests that injected low saline water does not directly displace all of the connate 
water but instead mixes with the connate water in less accessible pores via molecular diffusion. Thus, throughout this project 
the standard assumption is that, the injected low saline water displaces the high saline connate water with some degree of 
mixing, as used in Jerauld et al.’s model (2006). Because of this mixing, intermediary saline water is formed which is less 
effective than low saline water in improving the relative permeability behaviour (Jerauld et al., 2006). Finally, he proposed 
that dispersivity should be roughly 2-5% of the length travelled and to overcome dispersion, the number of grid blocks 
between the production and injection wells should be approximately 10-25 (SPE 102239, Jerauld et al., 2006). He also found 
that, this dispersion can be simulated by considering numerical dispersion equivalent to physical dispersion in a coarse model. 
 
Connate banking 
Connate water banking occurs when the connate water is displaced by the injected water. When high salinity water is 
injected into high salinity connate water there is only one shock front formed followed by a rarefaction, whereas when low 
salinity water is injected into high salinity connate water there is a shock and a followed contact front forms. The first front 
(𝑆1) is a shock and occurs at the transition between the injected low salinity water and the high salinity connate water, this is 
produced before the injected low salinity water has broken through to the producer well. The second front (𝑆2) is a contact and 
occurs at the transition between the low salinity water and the connate water, which reaches the producer first. Connate water 
banking saturation is in between the two fronts 𝑆1 and  𝑆2 . Constructions are shown in appendix C. This is illustrated in the 
Buckley Leverett solution as shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Dependence of Relative Permeability on salinity (Jerauld et al., 2006) 
 
 
 
Figure 2: Connate banking, simulation results compared with 
analytical solution 
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Analytical Solutions 
Results from the numerical simulator were quality checked by comparing with the analytical Buckley Leverett solution for the 
1-Dimensional model, results of recovery factors are shown in Table1below. Close match for recovery curves and water 
saturation profile were obtained as shown in appendix D. 
 
Grid Refinement Study 
A detailed grid refinement study was done for all models based on grid resolution, oil recovery and water saturation profiles. A 
1D model was built as shown in Figure 3, for 10 and 100 grid blocks and the study is shown below.The plots and explanation 
for 2D (areal and vertical cross sections), are detailed in the appendix E.  
 
1D − Homogeneous Model 
It was seen that the simulation results are strongly affected by dispersion for 10 grid blocks and it was reduced by reducing 
the time step and increasing the grid blocks to more than 100. It was found that the numerical dispersion, caused due to 
erroneous discretization of flow equations from one grid block to another, misleading the results. Discretization causes the 
smearing of flow equations thereby the advancing front takes a less sharpened shape than the Buckley Leverett front, as shown 
in Figure E1 in appendix E.This numerical dispersion approximates the physical dispersion in the coarser model, with ten grid 
blocks between the producer and injector (Jerauld et al. 2006). This causes the difference in the water breakthrough time, for 
ten grid blocks it is found to be 1165 days and for hundred grid blocks it is 2260 days nearly the same as obtained from the 
analytical solution 2274days.  
 
Based on Recovery 
As seen from Figure 4, the results of recovery are almost undistinguishable for 100 and 1000 grid blocks meaning that the 
results are converging after 100 grid blocks. It can also be seen that there is no significant recovery after 100 grid blocks from 
the analytical Buckley Leverett solution. As always the choice of grid block is a trade-off between the resolution and run time, 
throughout this project a 100 grid block system is chosen.  
 
Based on Water Saturation 
Water saturation distribution over the distance is almost undistinguishable after 80 grid blocks. Based on the resolution 100 
grid block is chosen, as in Figure D-1 in appendix D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Synthetic Model 
To evaluate the potential of low salinity waterflooding as a secondary recovery process in Eclipse 100, a simple one 
dimensional reservoir model was built, followed by a two dimensional homogenous and a heterogeneous areal and vertical 
cross section models respectively. In the 1D model, one production and injection well were placed at the 1st and the100th grid 
block respectively. However, in the 2D (areal section) the wells were placed diagonally in a quarter 5-spot pattern.  
 
Model Parameters 
Throughout this project, injection rate was calculated based on the reservoir volume and the frontal advance rate of the 
injected water in the reservoir; calculations are shown in Table F-1 in appendix F. This was controlled as reservoir fluid 
volume rate using keyword RESV and maintained constant throughout all simulations.The simulation time was set to match, 
the time taken for the 1PV of injected water to reach the producer. For simplicity the reservoir is modelled as two phase with 
oil and water. Capillary pressures were neglected due to lack of data and the salt concentration of the injected low salinity and 
initial connate water salinity were set as 1kg m3⁄  (1000 ppm), 30kg m3⁄  (30000 ppm) respectively. Oil-wet and water-wet 
relative permeability curves were generated, as in Figure 5, using the Corey parameterization, as shown in Table 1. Oil-wet 
and water-wet relative permeability curves were used for high and low salinity curves respectively. Initially the reservoir was 
 
Figure 4: (Left) Recovery Plots.(Right) Difference in Recovery Factor from 
Buckley Leverett      
 
 
   
 
Figure 3: 1D Model - (Top)10 Grid Blocks. 
(Bottom) 100 Grid Blocks  
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considered as oil-wet with a residual oil saturation of 30%. In both cases the initial water saturation was set as 15%. Other 
reservoir properties are listed in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Difference in recovery between 1PV of Low and High salinity injection (1D Model) 
To see the impact of salinity on oil recovery, 1PV of water was injected with varying salt concentration from 0ppm to 
50,000 ppm in the 1D model. Simulation results showed that, decreasing the salinity by 20% from 5000 ppm increased the 
recovery factor by 4.2%, further reducing it by 40% to 3000 ppm brought an increase of 8.6% in the recovery factor. The same 
trend followed until reducing the salinity by 80% to 1000 ppm, resulting in 16.4% increase in recovery factor, from that of 
injecting 5000 ppm. But increasing the salinity less or more than 1000 ppm or 5000 ppm brings no difference in recovery as 
proposed by Morrow and co-workers (1996) in Berea core, shown in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As predicted, recovery from injecting the lowest salt concentration of 0 ppm was higher than injecting highest salinity 
water of 50,000ppm.Increase in recovery is mainly because of the reduced water production after low saline water breaks 
through, thereby, indicating the salinity thresholds, water and oil relative permeability, water saturation, salt concentration as 
major sensitive parameters in simulation. 
 
 
 
Choice of Optimum Injection Slug Size of Low Salinity Waterflood for Synthetic Model  
 
 
One Dimensional  
Based on recovery 
Simulation results show that injecting greater than 0.4 PV of low salinity water would bring an insignificant increase in 
recovery, Figure 7shows the recovery plots for 0.5, 0.6, 0.7 PVs resembling very closely. 
 
Figure 6: (Left) Dependence of oil recovery on salinity.(Right) Difference in oil recovery from high salinity injection  
 
 
Table 1: Corey Parameters 
Corey Parameters Low salinity High Salinity 
𝐍𝐨 2.11 2.65 
𝐍𝐰 2.9 2 
 
Table 2: Model Properties 
Parameters Values Units 
Initial Water Saturation 0.15  
Porosity 0.25  
Oil Formation Volume Factor 1.0  
Water Formation Volume Factor 1.03  
Reservoir Pressure 170 bars 
Water Viscosity 0.5 Centipoise 
Oil Viscosity 0.89 Centipoise 
Density of Oil 740 𝐤𝐠 𝐦
𝟑⁄  
Density of Water 1030 𝐤𝐠 𝐦
𝟑⁄  
X, Y, Z - Permeability 300 milliDarcy 
 
 
Figure 5: High and Low Salinity Relative Permeability Curves 
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Two Dimensional 
Based on recovery 
As discussed in the 1Dimensional model injecting greater than 0.4 PV of low salinity water brings an insignificant increase 
in recovery, shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two-Layered Heterogeneous Model  
Methodology 
“In heterogeneous reservoirs oil recovery can be badly affected by geological heterogeneities such as permeability 
contrasts between layers and sometimes gravity, especially when using vertical production and injection wells” 
(Tungdumrongsub, S. and Muggeridge, A. H., 2010).Therefore the choice of injection slug size is not as straightforward as in 
homogenous models. At first for simplicity, a 2- layered reservoir model is built with two layers, each measuring 25 metres 
vertically with high and low permeability contrasts (H) and influence of gravity respectively. A 100 × 50 grid is used in the 
simulation with each layer 1 metre thick. Injection and production wells are placed in the last gridblocks and completed in both 
layers. 
In the following section, a detailed study is made on the impact of layer ordering and gravity on oil recovery, for various 
permeability contrasts. First it is studied, by simulating a base case with 1PV of low and high salinity injection, then it was 
repeated on slugs and the results are shown.   
 
Impact of Layer Arrangement on Oil Recovery – 1PV of low and high salinity injection (Base Case)  
To see the impact of layer arrangement on oil recovery for various permeability contrasts a base case was simulated such 
that the higher permeability layer is at the top and bottom, injecting high salinity and low salinity water for 1PV. Permeability 
contrast (H) is taken as the ratio of maximum permeability to the minimum permeability of the two layers as shown in Table 3.  
 
 
 
 
 
 
 
 
 
 
Table 3: Permeability Contrasts 
 
 
Figure 8: (Left) Oil recovery plots . (Right)  Difference in recovery factor from that of 400 Grids  
 
 
 
Figure 7: (Left)Oil recovery plots . (Right) Difference in recovery factor from Buckley Leverett solution  
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Higher permeability layer at the top and bottom  
For all the permeability contrast cases when the higher permeability is at the top the water slumps into the bottom lower 
permeable layer creating a better vertical and areal sweep than at the bottom as shown in Figure 9(left).When the high 
permeability layer is at the bottom vertical displacement is more and the areal sweep is much lower as shown in the Figure 
9(right). This shows that higher recovery is obtained when the higher permeability layer is at the top.  
 
 
 
 
 
 
 
 
 
 
 
 
Impact of Gravity on Oil recovery– 1PV of low and high salinity injection (Base Case) 
The influence of gravity on oil recovery is found to be minimal with the viscosity-gravity ratio (𝑅𝑣𝑔) of 0.86, as shown in 
the calculation in appendix G. To simulate the effect of gravity a base case is set injecting 1PV of low salinity water. In the 
first case (higher density difference between oil and water) the oil density was set to be 600 kg m3⁄   and the water density was 
1080 kg m3⁄ . In the second case (with a lower density difference) the oil and water densities were 740 kg m3⁄   and 1030 
kg m3⁄  respectively. The influence of these differing density contrasts was examined for different layer arrangements and 
permeability contrasts.This is repeated for injecting 1PV high salinity base case and the recovery from each case is shown in 
bar chart, in Figure 13.  
 
Higher permeability layer at the top  
Higher and lower influence of gravity 
For the higher influence of gravity case, whilst injecting 1 PV of low salinity water continuously into the reservoir, more 
water slumps into the bottom layer due to higher density and sweeps more oil in the bottom layer shown in Figure10(left). 
However, for the lower influence of gravity case the effect of slumping is comparatively lower, as shown in Figure 10(right) 
thereby bringing lower recovery than in the higher influence gravity case. 
     These results (and others not shown here)  showed that, for all the permeability contrasts, when the higher permeability 
layer is at the top, higher influence of gravity brings more recovery than with lower influence of gravity as  shown in bar chart 
in Figure 13. 
 
 
 
 
 
 
 
 
 
 
 
 
High permeability layer at the bottom 
 
Higher influence of gravity 
In this case, when there is a higher influence of gravity, the injected water slumps more thereby reducing the sweep area 
vertically as shown in Figure 11(left), bringing slightly lower recovery than in the case with lower gravity influence. 
 
Lower influence of gravity  
Slumping effect is comparatively minimal. This allows water to flow freely in the top lower permeable layer thereby 
covering more area to sweep as shown in Figure 11(right), resulting in higher recovery than the case with higher influence of 
gravity. This is clearly seen from the recovery factor bars (downward red arrow) for the H5 case in the bar chart (ash-grey bar 
lower than army-green bar) but this difference in recovery reduces as the permeability in the top layer reduces from 
 
Figure 9: : ‘K’ Contrasts of 10- (Left) Higher ‘K’ layer at the top showing more slumping into bottom layer .(Right) 
Higher ‘K’ layer at the bottom showing more vertical displacement and lower areal sweep 
 
 
 
Figure 10: ‘K’ contrast of 5 - (Left) Higher influence of gravity showing more slumping into bottom layer (31 layers).(Right) Lower 
influence of gravity, showing less slumping into bottom layer (28layers)                                                                          
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permeability contrast  5 to 100 i.e. from 20mD to 1mD, meaning that the entire flow is in the bottom layer and the influence of 
gravity has decreasing effect from permeability contrast  5 to 100 as in shown bar chart in Figure 13. 
However this effect is not observed in permeability contrast 2 as water flows more swiftly in the top 50mD layer, unlike 
the other permeability contrasts cases from 5 to 100. Therefore, the higher influence of gravity case effectively sweeps more 
area in the top than lower gravity influence case which covers more area but the sweep is not as effective as the case with 
higher gravity influence as shown in Figure 12(right). 
This illustrates that when higher permeability layer is at the bottom higher influence of gravity brings lower recovery due 
to more slumping into the bottom layer thereby covering less area. On the other hand, lower influence of gravity covers more 
area in the top layer bringing more recovery in all cases from permeability contrast of 5 to 100, except permeability contrast of 
2, as in shown bar chart in Figure 13(downward red arrow). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Difference in recovery between 1PV of Low and High salinity injection (Base Case) 
To see the effectiveness of low salinity flooding, 1PV of reservoir is flooded with continuous low and high salinity water. In 
each permeability contrast cases, the difference in recovery between low and high salinity is shown in bar chart in Figure15, to 
illustrate how far injecting low salinity is effective. 
 
High permeability layer at the top 
Low contrasts (H2, H5, H10) 
When 1PV low salinity water is injected into the 10 mD (permeability contrast of 10) bottom layer the difference in 
recovery is lower than the permeability contrasts of 2 and 5 cases.This is because the low salinity water injected into the 
 
Figure 13: RF for various ‘K’ contrasts. Red arrows, mark the different trend in RFwhen 
higher ‘K’ layer is at the bottom 
 
 
 
Figure 11: ‘K’ contrasts of 5- (Left) Higher influence of Gravity , showing less area covered vertically. (Right) Lower influence of 
Gravity, showing more area covered vertically   
 
 
 
Figure 12: ‘K’ contrast of 2- (Left) Higher influence of Gravity giving effective sweep. (Right) Lower influence of Gravity more 
area covered vertically but lower Sweep 
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bottom layer flows at a lower rate in the 10 mD layer than in 50mD (permeability contrast 2) and 20mD (permeability contrast  
5) thereby sweeping very less area. On the other hand, injecting 1PV of high salinity water moves at a faster rate and covers 
more area than 1 PV low salinity injection. Although the sweep of the injected high salinity water is not as high as low salinity 
water, it covers more area to pull down the difference in recovery as shown in Figure 14.   
In the permeability contrast of 2 and 5 as the bottom layer permeability is 50mD and 20mD respectively the penetrated low 
salinity water in the bottom layer covers and sweeps more area than in permeability contrast of 10 thereby, bringing more 
difference in recovery.   
 
 
 
 
 
 
 
 
 
 
 
High contrasts (H20, H50, H100)  
In the high contrast cases such as 20, 50, 100 the bottom layer permeabilities are 5mD, 2mD and 1mD which are very low 
permeable layers. Therefore most of the injected 1PV of low salinity water flows into the top 100mD layer leaving behind very 
low residual oil saturation and giving a higher difference in recovery. 
 
High permeability layer at the bottom 
 
Low contrasts (H2, H5, H10) 
When the higher permeability layer is at the bottom, the difference in recovery for permeability contrasts of 5 and 10 is 
lower than for a permeability contrast of 2, as shown in the bar chart in Figure 15.This is because the injected 1PV high 
salinity water front moves faster in the top 20mD (permeability contrast of 5) covering more area than the slower front of the 
injected 1PV low salinity water front which moves slower covering less area. As discussed previously, the sweep of the 
injected high salinity water is not as high as low salinity water, but it covers more area to pull down the difference in recovery. 
The same effect is observed for a permeability contrast of 10 thereby bringing a reduced difference in recovery. 
 
High contrasts (H20, H50, H100)  
As discussed in the previous sections, in the high permeability contrast cases such as 20, 50 and 100 the top layer 
permeabilities are 5mD, 2mD and 1mD which are almost very low permeable layers. Therefore most of the injected 1PV of 
low salinity water flows into the bottom 100mD layer leaving behind very low residual oil saturation and giving a higher 
difference in recovery. 
From the results from Figure 15, it can be clearly seen that the influence of gravity on oil recovery is minimal bringing less 
than 0.1% difference in recovery in most cases. Injecting 1 PV of low salinity improves the recovery factor by more 5% in 
almost all cases, except for permeability contrasts of 5 and 10, when higher permeability layer is at the bottom. However, the 
recovery factor has increased 3-4% from that of high salinity injection, which is a significant increase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: ‘K’ contrast of 10 - (Left) 1PV of Low Salinity,Showing higher sweep but covers less area. (Right) 1PV of High 
Salinity,covers more  area with lesser sweep 
 
 
 
Figure 15: Differences in recoveries between 1PV of High and Low Salinity 
injection,Higher/Lower influence of Gravity  
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Impact of Layer Arrangement on Slugs 
 
Higher Permeability layer at the top and bottom 
 
Higher permeability contrasts – H20, H50, H100 
As already discussed in the base case, injecting low salinity in slugs recovers slightly more oil when the higher 
permeability layer is at the top than at the bottom. 
 
Lower permeability contrasts – H10, H5, H2 
As predicted more oil is recovered when the higher permeability layer is at the top for a permeability contrast of 10. But in 
the other two cases with low permeability contrasts of 2 and 5 having the higher permeability layer at the top recovers less 
than when it is at the bottom, until 0.5 PV and 0.4PV injection respectively. However, after the injection of 0.5 PV and 0.4 PV 
for permeability contrast of 2 and 5 respectively, recovery increases when higher permeability layer is at the top than at the 
bottom as seen in Figure 18(left). 
 
Higher K at the top needs more volume 
This is because injecting 0.4 PV, more water slumps into the bottom 50 mD layer thereby covering more area with lower 
sweep in both top and bottom layer as shown in Figure16(left).When injecting 0.5 PV and more, there is more volume 
available thereby bringing a better microscopic sweep in the top 100 mD layer as in Figure16 (right). 
   
Higher K at the bottom needs lower volume as the flow area is smaller 
When higher permeability layer is at the bottom,  the  increase in recovery is higher until 0.3PV  injection, shown by black 
and red lines in Figure18(right).This is because the bottom flow area is comparitively smaller. Therefore injecting less volume 
of low salinity water itself  sweeps the bottom layer with an effective microscopic sweep, leaving behind minimum residual oil 
saturation, as shown in Figure17(right). Injecting  greater than 0.3 PV brings  the base case recovery, as in bar chart in 
Figure19 (right).  
 
High K at the bottom brings the base case recovery sooner 
As seen from the chart in Figure 19, when higher permeability at the top there is a good incremental recovery  until 0.7 PV 
injection but when at the bottom there is only negligible amount of incremental recovery after 0.3 PV injection. 
 
Comparison with H5 
In the case with a permeability contrast of 2 more water penetrates into the bottom lower permeability layer of 50mD than 
in permeability contrast of 5 (with bottom layer 20 mD). Therefore, to increase the recovery more volume of water is needed 
to effectively sweep, than in permeability contrast of 5.  
 
Injecting more than 0.4 PV, more low salinity water flows in the top layer bringing more effective sweep 
In the case with a permeability contrast of 5 as the bottom layer is 20mD, amount of water penetrated into the bottom layer 
is less compared to the H2. Therefore injecting 0.4PV itself sweeps effectively, thereby increasing the recovery.Whereas when 
higher permeability layer is at the bottom injecting more than 0.4PV brings only a minimal increase in recovery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: ‘K’ contrast of 2, Higher ‘K’ Layer at the top - (Left) Injecting 0.4 PV lower sweep at the top.(Right) Injecting 0.5 PV 
higher sweep at the top 
 
 
 
Figure 17: ‘K’ contrast of2, Higher ‘K’Layer at the bottom - (Left) Injecting 0.3 PV already sweeps bottom layereffectively. (Right) 
Injecting 0. 4 PV brings no significant increase in recovery 
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Impact of Gravity on Slugs 
As discussed previously, the influence of gravity on oil recovery is minimal as shown in bar chart, Figure 15. 
 
Choice of Optimum Injection Slug Size for 2-Layered Heterogenous Model  
Higher permeability layer at the top 
As discussed previously for higher permeability contrasts cases, slug size higher than 0.4PV brings no significant increase 
in recovery.However, for cases with a lower permeability contrast such as 2 and 5 injecting 0.5 PV brings a significant 
increase in recovery, as in Figure 19 (left). 
 
Higher permeability layer at the bottom 
Based on the discussions from previous section and Figure 19 (a), slug size of 0.3 PV is found to be the best injection 
volume for both high and low permeability contrasts cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Multi-layered model – High permeable layers interbedded with low permeable layers 
A multi-layered reservoir model is built in such a way that higher permeable layers 2, 4, 6 with permeabilities 50mD, 100mD, 
5mD are sandwiched by lower permeable layers 1, 3, 5, 7 with permeability of 1mD each, as shown in Figure 20. The 
thickness of layers 2, 4, 6 is kept the same at 15 metres, whereas, layers 1 and 7 are 1 metre each, layers 3 and 5 are 2 metres 
each, as in Figure 20. A 100 × 50 grid is used in the simulation with one production and injection well placed in the 1st and the 
100th grid blocks respectively and completed in all the layers. In order to see the impact of crossflow and salt diffusion on oil 
recovery and choice of slug size, it was decided to use a transmissibility factor of 1, 0.1, and 0.01 in the lower permeable 
layers 3 and 5. During low salinity waterflooding it is seen that much of the injected low salinity water flows through the 100 
mD layer and very little water flows through the lower permeable layers such as 1,3,5,7.However injecting more than 0.4 PV 
of low salinity water brings  no significant increase in recovery as shown in Figure 21(d). 
 
Figure 18: (Left) ‘K’ contrast of 2, after 0.5PV injection higher ‘K’ layer at the top recovers more, than at the bottom .(Right) 
after 0 .4PV injection higher ‘K’ layer at the top  recovers more than at the bottom                
 
             
 
 
Figure 19: Difference in RF for injecting various PVs, from 1PV of low Salinity injection 
(Left) High ‘K’ layer at top. (Right) High ‘K’layer at bottom 
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 The low salinity effect is reduced by high salinity connate water in the lower permeable layers. This is because as the low 
salinity water flows through the higher permeable layers, salts of higher concentration from the adjacent lower permeable 
layers tend to diffuse into the flowing low salinity water in the higher permeable layer thereby reducing the effect of low 
salinity water. 
In this case the lower permeable layers are very thin therefore the volume of high salinity connate water residing in the 
lower permeable layer is lower, therefore the diffusion volume is almost insignificant but when the thickness of the lower 
permeable layer is higher than that of the higher permeable layer then there would be a significant drop in the effect of injected 
low salinity water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on recovery, injecting 0.4 PV is found to be optimum in all transmissibility cases, as there was no significant increase in 
recovery by injecting greater volumes of low salinity water as in Figure 21(d). 
 
Wytch farm oil field evaluation 
To evaluate the potential of low salinity waterflooding in a field scale, a sector model of the Wytch Farm field is taken from 
the centre part of the field as shown in Figure 22. The Wytch Farm field is a sandstone reservoir and has a very heterogeneous 
geology mainly due to sealing faults, cemented channel lags and flood plain mud stones.  
 
 
 
Figure 20: (Left) Transmissibility Factor 1. (Right) Transmissibility Factor .01 
 
 
 
Figure 21: Recovery plots for various transmissibilities and PVI 
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Reservoir Heterogeneities 
Vertical flow is highly affected by low porous lacustrine mud stones which are laterally extensive across large portion of 
the reservoir, cemented channel lags and varying clay content of  20 to 55% reduces the horizontal to vertical permeability 
ratio to 0.1(Wytch Farm FDP,Team C report, 2013). However, the amount of clay content could give greater response to low 
salinity flooding (Lee et al, 2010). Horizontal flow might be reduced by high percent of clay content, however the sector is 
chosen from a region to favor a good horizontal flow. The average oil column thickness is around 35 to 60 meters as in the 
sector model as shown in Figure 23(left).  
In the sector model, zone 1 has the highest reservoir quality containing half of the oil column (30m) and permeability 
between 100 to 600 mD, while, the remaining 30m of oil column is in zone 2, which is low permeable with permeability 
between 0.8 mD to 10mD, as shown in Figure 23. The sector model has 8×7×130 grid dimensions. All the reservoir properties 
were kept unchanged except for the relative permeability data. The reservoir properties vary throughout the reservoir the 
values are listed in Table H-1 in appendix H. The simulation period for the sector model was set for 8.5 years starting from 
January 2013.Based on the injection rate calculation from Table F-1 in appendix F. It was decided to control the wells by the 
the injection rate of 514.3rm3 day⁄ , such that the amount of injected water is equal to the amount of oil produced, with the 
production rate the same as the injection rate. The bottom hole pressure of the injector well was also set to be at 400 bar.The 
bottom hole pressure the production well was set at 100 bar to avoid pressure going below bubble point pressure of 77 bars. 
The initial connate water salinity was set to 30kg m3⁄ and the low salinity upper threshold was set to 1kg m3⁄  as in the 
synthetic model. 
 
Simulation Results 
As already observed in the 2-layered synthetic model, the best low salinity injection volume increased to 0.5 PV for 
permeability contrasts such as 2 and 5. In order to observe this effect in the sector model, two injection wells were completed, 
one in zone 1(high permeable) at 1597m TVDSS and the other well in zone 2(low permeable) at 1622m TVDSS just above oil 
water contact (OWC = 1623 m TVDSS).  
      As predicted, the simulation results for 1PV low salinity water injection, showed an increase of 2% in recovery factor 
when the injection wells were completed in zone1 compared to completion in zone 2. This was because a significant amount of 
injected low salinity water enters the lower permeable layer and considerable amount mixing with the highly saline connate 
water, thereby losing the low salinity effect as shown in Figure 24(right), mixing below the Oil Water Contact line. When it 
was completed in the higher permeable zone, most of the injected low saline water flows through a considerably smaller area 
at the top, thereby bringing a better microscopic displacement efficiency than injecting in the lower permeable layers in zone 
2.Therefore in all simulation cases the injection well was completed in the zone 2 to avoid trapping and mixing of the injected 
water, to obtain maximum microscopic sweep in the top higher permeable layer. 
     The effect of injecting low salinity water is evaluated first by setting a base case of continuously injecting a high salinity 
water of 30 kg m3⁄  into a sector with the same salinity concentration and the recovery factor was 34.2%. Later on, slugs of 1 
kg m3⁄ of low salinity water were injected continuously into the high salinity connate water and chased by high saline water, as 
done in the synthetic models and the recovery factor increased only by 0.5%. Injecting twice the volume (0.2 PV) the recovery 
increased by 2.5 times from that of 0.1PV slug. However, injecting six times the slug volume (0.6 PV) the recovery increased 
to 11.7 times from that of the 0.1 PV slug. Injecting greater than 0.6 PV, the increase in recovery is not significant and almost 
the same recovery was obtained from 0.8 and 0.9 PV slugs. However even after injecting 0.9PV slug the recovery was 2.2 % 
lesser than that of 1 PV low salinity water injection, as shown in Figure 25. This was because, the injected slug gets trapped in 
the bottom lower permeable layer, losing its effect by mixing rapidly with the high salinity chase water. It was decided to 
 
Figure 22: Location of Wytch Farm sector model 
 
 
Investigating the Optimum Low Salinity Slug Size                              13 
         
inject low saline water continuously for 1PV, without any high saline chase water. Interestingly the recovery factor increased 
to 40.8% bringing a 6.6% increase from that of injecting 1PV of high saline water.  
     The simulation results clearly show an increase in recovery factor of 6.6% by injecting 1PV of low salinity water than 1 
PV high salinity water, thereby, showing a good potential for continuous low salinity waterflooding in the Wytch Farm field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
    
    
    
    
    
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: (Left) Water saturation distribution. (Right) Higher and lower permeability 
at the top (zone 1) and bottom (zone 2)                
 
Figure 24 : (Left) Less vertical penetration of injected low saline water.(Right) more 
penetration of injedted water into acquifer 
 
Figure 25: 0.9PV injection recovers 2.2% lesser than injecting 1 PV of low salinity 
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Discussion 
From the simulations carried out in this thesis, it can be seen that the slug size of 0.4PV is best, as Jerauld et al., 2006 
proposed, when the reservoir is homogeneous, whereas, in the heterogeneous 2-layered model, slug sizes in the range of 0.3PV 
to 0.5PV were found to be effective. However, in a more heterogeneous model like Wytch Farm field (sector model), even 
after injecting a low salinity slug size of 0.9PV, the recovery factor was found to be 2.2% lesser than that of injecting 1PV of 
continuous low salinity water, showing that injected low salinity water was getting trapped in the lower permeable layers and 
losing its effect by mixing with the high saline connate and chase water. This shows that the size of the optimum slug increases 
with increasing reservoir heterogeneity.  Therefore, the best low salinity slug size is the one which is able to maintain its low 
salinity integrity after travelling 1PV with the final salinity in the range of 5,000 ppm to 8,000 ppm (laboratory results from 
single well chemical tracer test at Endicott field, 2004).    
 
 
Conclusion 
In all the simulated models the potential for low salinity waterflooding in improving oil recovery is found higher than the 
convential flooding. Based on the simulation results, a 0.4 PV low salinity slug size was found to be optimum for 1D and 2D 
homogeneous models. However, in the 2- layered heterogeneous model (higher permeability layer at the top), 0.4 PV was 
found to be the effective slug size only for higher permeability contrast cases such as 20, 50 and 100.In the 2-layered model 
irrespective of permeability contrasts, slug size of 0.3PV was found to be fully effective when higher permeability layer was at 
the bottom. For lower permeability contrasts, such as 2 and 5, larger slug size of 0.5 PV was found to be the best due to the 
effect of slumping, when higher permeability layer was at the top. In the Wytch farm sector model, injecting low salinity water 
in slugs was found to be ineffective due to large reservoir heterogeneities.Therfore, continuous low salinity injection for 1PV 
was chosen as the best injection volume.  
 
 
Further Work 
The degree of mixing at the leading and trailing edge of the slug with the connate water and high salinity chase water is by 
diffusion. However, this diffusion is not properly modelled by Eclipse but it is indirectly modelled by numerical diffusion. The 
next step from this project could be to explore the different levels of mixing by using different grid sizes, as results from 
simulation are strongly dependent on numerical diffusion.   
 
 
 
Nomenclature 
FDP =Field Development Project  
H =Permeability Contrast 
K =Permeability 
Kg =Kilogram 
Kro =Oil Relative Permeability 
Krw =Water Relative Permeability 
M =Meters 
mD =milliDarcy 
NO =Corey exponent to oil with water 
NW =Corey exponent to water with oil 
OWC =Oil Water Contact 
Pc =Capillary Pressure 
Ppm =Particles Per Million 
PVI =Pore Volume Injected 
PVR =Pore Volume Recovered 
RF =Recovery Factor 
Rvg =Viscosity-gravity ratio 
Sor  =Residual Oil Saturatio 
Swc =Connate water saturation 
TVDSS =True Vertical Depth Sub Sea 
 
 
Subscripts 
o    Oil  wc  Connate Water 
w  Water  v  Viscosity 
g  Gravity 
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Key for Legends 
Figure 13: 
 
Lw.Sal.Hi.Den.Diff.Hi-K-Layer at Top  = Low salinity injection, High density difference, High K layer at Top 
Lw.Sal.Hi.Den.Diff.Hi-K-Layer at Bottom = Low salinity injection, High density difference, High K layer at Bottom 
Lw.Sal.Lw.Den.Diff.Hi-K-Layer at Top = Low salinity injection, Low density difference, High K layer at Top 
Lw.Sal.Lw.Den.Diff.Hi-K-Layer at Bottom = Low salinity injection, Low density difference, High K layer at Bottom 
 
Hi.Sal.Hi.Den.Diff.Hi-K-Layer at Top  = High salinity injection, High density difference, High K layer at Top 
Hi.Sal.Hi.Den.Diff.Hi-K-Layer at Bottom = High salinity injection, High density difference, High K layer at Bottom 
Hi.Sal.Lw.Den.Diff.Hi-K-Layer at Top  = High salinity injection, High density difference, High K layer at Top 
Hi.Sal.LwDen.Diff.Hi-K-Layer at Bottom = High salinity injection, Low density difference, High K layer at Bottom 
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Appendix A: Major milestones 
 
SPE 
Paper 
No. 
Year Title Author(s) Contribution to this project 
7660 1980 The Application of Fractional 
Flow Theory to Enhanced Oil 
Recovery 
 
Pope, Gary A. To find the size of connate banking 
analytically and to quality check with 
numerical simulation. 
 
49320 1998 Effect of Brine Salinity and 
Crude Oil Properties on 
Relative Permeabilities and 
Residual Saturations 
Paulo R. Filoco, 
Mukul M. Sharma 
Briefly shows that higher oil recoveries are 
obtained for lower salinities.  
Salinity of the connate water was found to 
be the primary factor controlling the oil 
recovery. 
93903 2005 Low Salinity Oil Recovery: 
An Exciting New EOR 
Opportunity for Alaska’s 
North Slope 
P.L. McGuire, 
SPE, J.R. 
Chatham, F.K. 
Paskvan, SPE, 
D.M Sommer, 
SPE, F.H.Carini, 
SPE, BP 
Exploration 
(Alaska) Inc 
To show residual oil saturation reduced 
upon injecting low salinity water in the 
North Slope reservoirs. 
 
102239 2006 Modeling Low-Salinity 
Waterflooding 
G.R.Jerauld, 
C.Y.Lin, 
K.J.Webb,  
J.C Seccombe 
This paper proposes a modelling solution, 
where the salinity of the brine in the 
reservoir is linked to the relative 
permeability curves which are implemented 
in the “Eclipse 100” simulator. 
Substantially examines the impact of 
number of grid blocks in determining the 
effective slug size. 
 
113480 2008 Improving Wateflood 
Recovery: Low Salinity 
Waterflooding EOR Field 
Evaluation 
James C. 
Seccombe, Kevin 
Webb, Gary 
Jerauld, Esther 
Fueg 
This paper provides an improved 
understanding of the Low Salinity 
waterflooding mechanisms.  
Salinity wave theory and its modelling 
explained clearly for the choice of 40% low 
salinity water slug considering 5% 
dispersivity. 
 
129012 2010 Laboratory Investigation of 
Low Salinity Waterflooding 
as Secondary Recovery 
Process: Effect of Wettability 
 
A. Ashraf, N.J. 
Hadia, and O. 
Torsater 
This paper illustrates how oil recovery 
increases as wettability changes from water- 
to neutral- wet conditions; further change in 
rock wettability from water-wet to nutral-
wet condition resulted in decreased oil 
recovery. Also shows an observation that 
oil recovery is higher for LSW as compared 
to high salinity waterflooding when used as 
secondary recovery process. 
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129692 2010 Demonstration of Low-
Salinity EOR at Interwell 
Scale, Endicott Field, Alaska 
 
Jim Seccombe, 
Arnaud Lager, 
Gary Jerauld, 
Bharat Jhaveri, 
Todd Buikema, 
Sierra Bassler, 
John Denis,Kevin 
Webb, Andrew 
Cockin, Esther 
Fueg, and Frank 
Paskvan, BP, SPE 
To understand how reduced salinity helps in 
improving oil recovery at the interwell 
distance. 
How mixing affects improvement in oil 
recovery. 
 
131602 2010 Layering and Oil Recovery: 
The Impact of Permeability 
Contrast, Gravity, Viscosity 
and Dispersion 
 
Suphawan 
Tungdumrongsub 
and Ann 
Muggeridge 
To understand the impact of layer ordering, 
gravity and dispersion on oil recovery.  
 
129564 2010 Low Salinity Water Flooding: 
Proof of Wettability 
Alteration On A Field Wide 
Scale 
 
Paul Vledder, Ivan 
Gonzalez, Dick 
Ligthelm, Julio 
Carrera Fonseca 
The paper proves that improved oil 
recovery from wettability modification 
depends on the amount of suited clay 
minerals and their distribution over the rock 
surface. 
 
129421 2011 Improved Oil Recovery by 
Low-Salinity Waterflooding 
 
Norman Morrow, 
SPE, and Jill 
Buckley, SPE, 
University of 
Wyoming 
Impact of salinity of the injected water on 
oil recovery. 
Wettability alteration towards more water- 
wet explained. 
Explains key possible mechanisms for low 
salinity effect. 
 
 
 
Appendix B: Critical Literature Review 
 
SPE 7660-PA (1980) 
The Application of Fractional Flow Theory to Enhanced Oil Recovery 
 
Authors: Pope, Gary A. 
 
Contribution to the understanding of Low Salinity Waterflooding: 
To find the size of connate banking analytically and to quality check with numerical simulation 
 
 
Objective of the paper: To provide analytical solution through fractional flow theory application 
 
Methodology used: Buckley Leverett construction 
 
Conclusion reached: 
 Fingering is the major limitation to represent in the fractional flow theory or in the numerical simulation 
Comments: 
 Less used, used only to understand the construction of connate banking 
 Good explanation on the constructions to find size of connate bank, velocity of high and low salinity fronts 
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SPE 49320 (1998) 
Effect of Brine Salinity and Crude Oil Properties on Relative Permeabilities and Residual Saturations 
 
 
Authors: Paulo R. Filoco, Mukul M. Sharma 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
This paper briefly shows that higher oil recoveries are obtained for lower salinities and the salinity of the connate water was 
found to be the primary factor controlling the oil recovery. 
 
Objective of the paper: To show how salinity affects the relative permeability during drainage and imbibition processes  
 
 
Methodology used:  Centrifuge Experiments 
 
 
Conclusion reached:  
 
 Imbibition experiments show strong salinity dependence.  
 Higher oil recoveries are obtained for lower salinities 
  For the non-polar mineral oils no salinity dependence was detected 
 The salinity of the connate water was found to be the primary factor controlling the oil recovery 
 
Comments: 
 Used at the early stage  of the project to understand the effect of salinity on relative permeabilities and oil recovery 
 
 
 
 
 
SPE 93903 (2005) 
Low Salinity Oil Recovery: An Exciting New EOR Opportunity for Alaska’s North Slope 
 
 
Authors: P.L. McGuire, SPE, J.R. Chatham, F.K. Paskvan, SPE, D.M Sommer, SPE, F.H.Carini, SPE, BP Exploration 
(Alaska) Inc. 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
 To set the threshold value for low salinity water for simulation 
 Economics explained briefly 
 
Objective of the paper:  
 To show residual oil saturation reduced upon injecting low salinity water in the North Slope reservoirs 
 
 
Methodology used: Single Well Tracer Test 
 
 
Conclusion reached: 
 Effect of low salinity appears to starts below the salinity level of about 5,000 ppm TDS or less 
 Economically viable compared to other ERO techniques and can be used in harsh environments 
 
 
Comments: 
 Frequently used during the early stage of the project 
 Valuable economics summarised 
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SPE 102239 (2006) 
Modelling Low-Salinity Waterflooding 
 
Authors: G.R.Jerauld, C.Y.Lin, K.J.Webb, J.C Seccombe 
 
Contribution to the understanding of Low Salinity Waterflooding: 
This paper proposes a modelling solution, where the salinity of the brine in the reservoir is linked to the relative permeability 
curves which are implemented in the “Eclipse 100” simulator. Substantially examines the impact of number of grid blocks in 
determining the effective slug size. 
 
Objective of the paper:  
To model the secondary and tertiary waterflooding using salinity dependent oil/water relative permeability.  
 
Methodology used:  
Used the method suggested by G.R.Jerauld, 2006. 
 
 
Conclusion reached:  
 Change in salinity would change the relative permeability curves thereby changing the wettability of the rock resulting 
in improved oil recovery 
 The model produced connate water bank and oil bank in the secondary and tertiary LoSal flooding 
 Quantities of around 0.4 PV have been reported in the literature as optimal amount of LSW 
 Salinity thresholds are varied to change the relative permeability curves to match the results of coarse and fine grids 
 Mixing of injected and connate water is a standard assumption and numerical dispersion is approximated to physical 
dispersion 
 
Comments: 
 Frequently used throughout the project 
 Clear explanations about salinity dependence, mixing, connate banking, dispersion  
 
 
 
 
SPE 113480 (2008) 
Improving Waterflood Recovery: Low Salinity Waterflooding EOR Field Evaluation 
 
Authors: James C. Seccombe, Kevin Webb, Gary Jerauld, Esther Fueg 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
This paper provides an improved understanding of the Low Salinity waterflooding mechanisms. Salinity wave theory and its 
modelling explained clearly for the choice of 40% low salinity water slug considering 5% dispersivity. 
 
Objective of the paper: To determine that recovery is a function of water chemistry and formation mineralogy. 
 
Methodology used: Corefloods and single-well tracer tests were performed to evaluate the mechanism and quantify recovery 
benefits. 
 
 
Conclusion reached: 
 
 A 40% Low Salinity slug was found to be fully effective based on coreflood studies, single well chemical tracer tests 
in multiple wells, numerical simulation and geochemical modelling 
 
Comments: 
 Frequently used throughout the project  
 Very helpful in understanding the integrity of various slug sizes  
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SPE 131602 (2010) 
Layering and Oil Recovery: The Impact of Permeability Contrast, Gravity, Viscosity and Dispersion 
 
 
Authors: Suphawan Tungdumrongsub and Ann Muggeridge 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
To understand the impact of layer ordering, gravity and dispersion on oil recovery  
 
 
Objective of the paper: Usage of transverse dispersion number to assess vertical or microscopic sweep efficiency from  
 
Methodology used: Simulation of a first-contact miscible gas injection scheme in a two-layered reservoir  
 
 
Conclusion reached: 
 Layer ordering is very important under high influence of gravity 
 Increase in recovery when a lower permeability layer is above a higher permeability layer  
 Recovery is more dependent on the permeability ratio than the viscosity ratio at early time  
 
 
Comments: 
 Frequently used in the second half of the project 
 Very useful in understanding  the impact of layer ordering on oil recovery 
 
 
 
 
 
 
SPE 129692 (2010) 
Demonstration of Low-Salinity EOR at Interwell Scale, Endicott Field, Alaska 
 
 
Authors: Jim Seccombe, Arnaud Lager, Gary Jerauld, Bharat Jhaveri, Todd Buikema, Sierra Bassler, John Denis,Kevin 
Webb, Andrew Cockin, Esther Fueg, and Frank Paskvan, BP, SPE 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
 To understand how reduced salinity helps in improving oil recovery at the interwell distance 
 How mixing affects improvement in oil recovery 
 
 
Objective of the paper: To study the impact of salinity, mixing and mobility ratio on oil recovery at interwell distance 
 
 
Methodology used: Pilot test  
 
 
Conclusion reached: 
 Tests results from pilot and coreflood showed the same increase in oil recovery by low salinity injection 
 Pilot tests showed  that mixing of connate and low salinity water does not have any effect in the oil recovery 
 Viscous fingering of  injected low salinity water into the oil bank was not evident   
 
Comments: 
 Very useful in understanding about mixing 
 
 
XXII         Investigating the Optimum Low Salinity Slug Size 
 
 
SPE 129564 (2010) 
Low Salinity Water Flooding: Proof of Wettability Alteration On A Field Wide Scale 
 
Authors: Paul Vledder, Ivan Gonzalez, Dick Ligthelm, Julio Carrera Fonseca 
 
Contribution to the understanding of Low Salinity Waterflooding: 
The paper proves that improved oil recovery from wettability modification depends on the amount of suited clay minerals and 
their distribution over the rock surface 
 
Objective of the paper:  
To prove the change in wettability by injecting Low Salinity Waterflooding 
 
 
Methodology used: 
Injecting a secondary waterflood; low salinity water at secondary mode to change wettability by using extended Buckley-
Leverett theory  
 
 
Conclusion reached: 
 The methodology used proves wettability modification on a field scale and improved oil recovery through Low 
Salinity injection at the secondary mode.  
 
 
Comments: 
 Used at the early stage  of the project to understand the effect of wettability alteration on oil recovery 
 
 
 
 
 
SPE 129012 (2010) 
Laboratory Investigation of Low Salinity Waterflooding as Secondary Recovery Process: Effect of Wettability 
 
Authors: A. Ashraf, N.J. Hadia, and O. Torsater 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
This paper illustrates how oil recovery increases as wettability changes from water- to neutral- wet conditions; further change 
in rock wettability from neutral-wet to oil-wet condition resulted in decreased oil recovery. Also shows an observation that oil 
recovery is higher for LSW as compared to high salinity waterflooding when used as secondary recovery process. 
 
 
Objective of the paper:  
To investigate the relationship between rock wettability and oil recovery with low salinity water injection as secondary 
recovery process. 
 
Methodology used: Performed Coreflooding experiments at room conditions on Berea cores with four different wettabilities 
ranging from water-wet to neutral- wet condition 
 
Conclusion reached:  
 Injection of low salinity brine in secondary recovery mode provides higher oil recovery than that with high salinity 
brine 
 Ultimate oil recovery increases as salinity of injection brine decreases 
  Wettability is an important parameter which influence on the oil recovery to a greater extent  
 The highest reduction in Sor by LSW occurred at water-wet conditions 
 
 
Comments: 
 Used at the early stage  of the project to understand the effect of wettability alteration on oil recovery 
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SPE 129421 (2011)  
Improved Oil Recovery by Low-Salinity Waterflooding 
 
 
Authors: Norman Morrow, SPE, and Jill Buckley, SPE, University of Wyoming 
 
 
Contribution to the understanding of Low Salinity Waterflooding: 
 Impact of salinity of the injected water on oil recovery 
 Wettability alteration towards more water- wet explained 
 Explains key possible mechanisms for low salinity effect 
 
 
Objective of the paper:  
 To see the effect of low salinity water injection over conventional flooding 
 
 
Methodology used: Mechanistic Laboratory Tests 
 
 
Conclusion reached: 
 Effect of low salinity is seen for brine compositions up to 5,000 ppm 
 Further understanding on the mechanisms which bring 
 
 
Comments: 
 Frequently used in the early stage of the project 
 Good as a beginner and goo economics at the end 
 
 
 
Appendix C: Connate Banking 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
FigureC- 5: Relative permeability data used in all models 
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FigureC- 7: Connate bank construction, Pope, Gary A(1980) 
 
 
 
FigureC- 6: Matching of Corey generated Fractional Flow curve with the original data 
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Appendix D: Analytical Solutions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D1: Oil Recovery plots , quality checking simulation results with 
analytical solution 
 
 
FigureC- 8: Connate and high salinity fronts constructed from fractional flow  curves 
 
 
 
Figure D2: Water saturation distribution, quality checking simulation results with 
analytical solution 
 
 
XXVI         Investigating the Optimum Low Salinity Slug Size 
 
 
Appendix E: Grid Refinement Study 
Based on Water Saturation: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2D - Areal Homogeneous Model 
Based on Resolution: 
 
Although the resolution is poor for 10×10 grid blocks it already captures the direction of flow and dispersion issues, as in 
Figure E-2. Therefore increasing the number of grid blocks in 𝑁𝑥 and 𝑁𝑦 to 40 grid cells in each direction the dispersion was 
lesser. Increasing to 80 grid blocks the resolution in the whole model was better and there were very less dispersion issues. 
However, 100 grid blocks were found to be the best based on better resolution and run time. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 Figure E-1: Water saturation distribution for various number of grid 
blocks 
 
 
 
Figure E2: 2D-Areal Section, showing grid resolution for the choice of number of grid 
blocks  
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Based on Recovery 
100 grid blocks are chosen based on the recovery. As it can be seen from Figure E-4 the difference in recovery is less than .4% 
from the base case of 400 grid blocks which is a minimal difference. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on Water Saturation: 
Water saturation distribution over the distance is almost undistinguishable after 80 grid blocks. Based on the resolution and 
convergence issues 100 grid blocks is chosen, as in Figure E-3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2D- Vertical Section  
100 grid blocks were chosen for the analysis based on the resolution as it can be seen from the Figure E-5. It can be seen from 
the water saturation profiles in Figure E-5 (TOP) that 10 grid block model showing a dispersed front, whereas 100 grid blocks 
front shows a similar profile to that of Buckley Leverett. Since a detailed study about the recovery curves is already done for 
the 1-D and 2-D areal section, 100 grid blocks is chosen for all the analysis in the 2D-vertical section. 
  
 
 
 
 
Figure E4: 2D Areal section- (Left) Oil Recovery Curves.(Right) Difference in Recovery from 400 Grid Blocks  
 
 
Figure E3: Water saturation distribution for various grid blocks 
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Appendix F: Model Parameters – Injection Rate Calculation 
 
Swc = 0.15 
Porosity = .25 
Frontal advance rate in the reservoir = 0.3rm/day 
 
Total Volume = Length × Width × Height (𝑟𝑚3) 
Total PV = Total Volume× Porosity (𝑟𝑚3) 
Total HCPV = Total PV × (1 − Swc ) (𝑟𝑚
3) 
Time to breakthrough into producer = Interwell distance/ Frontal advance rate (Days) 
Injection rate = Total HCPV / Time to breakthrough 
 
 
 
 
 
 
 
 
 
Figure E-6: 2DVertical Section - (Left) Oil Recovery Plots, (Right) Water Saturation Profile at breakthrough time for 10 
and 100 gridblocks 
 
Figure E-5: 2D Vertical Section - (Top) 10 Grid Blocks (Bottom) 100 Grid Blocks 
 
Models 
Well 
Distance(m) 
Length 
(m) 
Width 
(m) 
Height 
(m) 
Total 
Volume 
(𝐫𝐦𝟑) 
Total PV 
(𝐫𝐦𝟑) 
Total 
HCPV 
(𝐫𝐦𝟑) 
Break 
Through 
(Days) 
Injection 
Rate 
(𝐫𝐦𝟑/
𝐃𝐚𝐲) 
1D 1000 1000 10 5 50000 12500 10625 3333 3.19 
2D(Areal) 1414 1000 1000 5 5000000 1250000 1062500 4714.07 225.39 
2D(Vertical) 1000 1000 10 50 500000 125000 106250 3333.33 31.88 
Sector 1004 - - - - - 171200 3346.67 514.30 
 
 
 
Tabl F- 3: Injection Rate Calculations for all models 
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Appendix G: Impact of Gravity on Oil recovery 
 
The influence of gravity on oil recovery is found to be minimal with the viscosity-gravity ratio (𝑅𝑣𝑔) of .86, as calculated 
below. 
 
𝑅𝑣𝑔 =
𝑉×𝜇𝑂
𝐾×∆𝜌×𝑔
   
Where, 
𝑉 – Velocity of the injected water(
𝑚
𝑠
)      =      5× 10−7 𝑚 𝑠⁄  
𝜇𝑂- Viscosity of Oil   ( 
𝐾𝑔
𝑚.𝑠
)                            =      0.8 
𝐾𝑔
𝑚.𝑠
 
𝐾 – Permeability of formation (𝑚2)              =     100×9.869233× 10−16 𝑚2 
∆𝜌 – Density Difference (
𝐾𝑔
𝑚3
)               =      (1080-600) = 480
𝐾𝑔
𝑚3
 
𝑔 – Acceleration due to gravity (
𝑚
𝑠2
)               =      9.81
𝑚
𝑠2
 
Assumed front velocity                                  =       5× 10−7 𝑚 𝑠⁄  
 
𝑅𝑣𝑔 =
 5 × 10−7 × 0.8 × 10−3
(100 × 9.869233 × 10−16 ) × 480 × 9.81
 
 
𝑅𝑣𝑔= 0.86 
 
 
 
Appendix H: Wytch Farm reservoir properties  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix I: Eclipse 100 Data file for 2D Areal section (Synthetic model) 
 
------------------------ 
RUNSPEC 
------------------------ 
 
TITLE 
2D Areal Section Synthetic model / 
 
DIMENS 
100 100 1/ 
 
METRIC 
 
OIL 
WATER 
Parameters Values Units 
Brine 200,000 ppm 
Pi 2436 psia 
Pb 1110 psia 
Oil density 740 Kg m3⁄  
OWC 1622 m 
Viscosity 1.03 Cp 
Kv 10 mD 
Kh 150 mD 
Kv/Kh 0.1  
Bo 1.21 Bbl/stdbbl 
Porosity 0.1 – 0.3  
Average Depth 1585 mTVDSS 
Table H-1: Wytch Farm reservoir properties 
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LOWSALT 
 
UNIFIN 
UNIFOUT 
 
WELLDIMS 
2  10 1  2 / 
 
TABDIMS 
2 2 4*/ 
 
START 
1  JAN  2013 / 
 
--------------------- 
GRID 
--------------------- 
 
INIT 
DX 
100*10 9800*10   100*10/ 
DY 
10000*10/ 
DZ 
10000*5/ 
 
-----PERMEABILITIES 
 
PERMX 
10000*300/  
PERMY 
10000*300/  
PERMZ 
10000*300  
/  
PORO 
10000*0.25/ 
TOPS 
10000*2600/ 
---------------- 
PROPS 
---------------- 
 
ROCK 
170     0/ 
/ 
 
LSALTFNC 
0.0   1.00  1* 
1.0   1.00  1* 
5.0   0.0   1* 
30.0  0.0   1* 
50    0.0   1* / 
/ 
DENSITY 
740    1030 1*/ 
/ 
PVDO 
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1.0  1.01 0.89 
170  1.0  0.89 
7000 .99  0.89 / 
/ 
BDENSITY 
1000  1001   1005  1020   1030/  
/ 
  
PVTWSALT 
 
170   1 / 
0  1.03  0  0.5  0.0   
1  1.03  0  0.5  0.0  
5  1.03  0  0.5  0.0  
30 1.03  0  0.5  0.0  
50 1.03  0  0.5  0.0///  
 
 
SWOF 
--Sw  --Krw  --Kro  Pc 
0.15  0  0.75  0 
0.1775  0.00075  0.654679614 0 
0.2325  0.00675  0.487552532 0 
0.26  0.012  0.415192719 0 
0.2875  0.01875  0.349923904 0 
0.3425  0.03675  0.239486843 0 
0.37  0.048  0.193714476 0 
0.3975  0.06075  0.153823394 0 
0.4525  0.09075  0.090380435 0 
0.48  0.108  0.066148537 0 
0.535  0.147  0.030862606 0 
0.5625  0.16875  0.019037166 0 
0.59  0.192  0.01053879 0 
0.6175  0.21675  0.004917033 0 
0.645  0.243  0.001679041 0 
0.678  0.27648  0.000148088 0 
0.6835  0.28227  6.90928E-05 0 
0.689  0.28812  2.35934E-05 0 
0.69945  0.2994003    8.41514E-09 0 
0.7  0.3  0  0/ -- Table 1 High Sal 
 
 
0.150 0.000000 0.900000000 0 
0.220 0.00050357 0.720599911 0 
0.255 0.001632017 0.638728718 0 
0.290 0.003758781 0.562033732 0 
0.325 0.007179365 0.490480533 0 
0.395 0.019048348 0.362651679 0 
0.430 0.028056531 0.306296227 0 
0.465 0.039479922 0.254922274 0 
0.500 0.053588673 0.208482314 0 
0.535 0.070649939 0.166924819 0 
0.570 0.090928205 0.130193437 0 
0.605 0.114685556 0.098225915 0 
0.640 0.142181898 0.070952607 0 
0.675 0.173675139 0.048294306 0 
0.710 0.209421349 0.030158921 0 
0.745 0.249674895 0.016435960 0 
0.780 0.294688555 0.006986224 0 
0.829 0.366182867 0.000550768 0 
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0.836 0.377238154 0.000234108 0 
0.850 0.400000000 0.000000000 0/--Table 2 Low sal 
 
 
-------------- 
REGIONS 
-------------- 
SATNUM 
10000*1/ 
 
LWSLTNUM 
10000*2/ 
 
---------------  
SOLUTION 
--------------- 
PRESSURE 
10000*170/ 
SALTVD 
2600 30 
2700 30/ 
SWAT 
10000*0.15/ 
SALT 
10000*30/ 
RPTSOL 
 FIP / 
--------------- 
SUMMARY 
--------------- 
DATE 
 
-- Oil recovery 
FOE  
  
-- FIELD Rates for Oil, Water, Liquid 
 
FOPR 
FOPT 
 
FWIR 
FWIT 
 
FWPR 
FWPT 
 
FWCT 
  
FSPR 
FSPT 
 
FSIR 
FSIT 
FPR 
 
FOSAT 
 
BSCN 
1 1 1/ 
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2 2 1/ 
3 3 1/ 
4 4 1/ 
5 5 1/ 
6 6 1/ 
7 7 1/ 
8 8 1/ 
9 9 1/ 
10 10 1/ 
/ 
BSIP 
1 1 1/ 
2 2 1/ 
3 3 1/ 
4 4 1/ 
5 5 1/ 
6 6 1/ 
7 7 1/ 
8 8 1/ 
9 9 1/ 
10 10 1/ 
 
10 4 1/ 
10 8 1/ 
/ 
BWSAT 
1 1 1/ 
2 2 1/ 
3 3 1/ 
4 4 1/ 
5 5 1/ 
6 6 1/ 
7 7 1/ 
8 8 1/ 
9 9 1/ 
10 10 1/ 
/ 
BOSAT 
1 1 1/ 
2 2 1/ 
3 3 1/ 
4 4 1/ 
5 5 1/ 
6 6 1/ 
7 7 1/ 
8 8 1/ 
9 9 1/ 
10 10 1/ 
/ 
BKRW 
1 1 1/ 
2 2 1/ 
3 3 1/ 
4 4 1/ 
5 5 1/ 
6 6 1/ 
7 7 1/ 
8 8 1/ 
9 9 1/ 
10 10 1/ 
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/ 
BKRO 
1 1 1/ 
2 2 1/ 
3 3 1/ 
4 4 1/ 
5 5 1/ 
6 6 1/ 
7 7 1/ 
8 8 1/ 
9 9 1/ 
10 10 1/ 
/ 
 
ALL 
PERFORMA 
RUNSUM 
-------------- 
SCHEDULE 
-------------- 
 
RPTSCHED 
 'FIP=1' 'WELLS' SWAT SALT / 
    
RPTRST 
  'BASIC=2'  / 
  
WELSPECS 
PRODUCR  G   100  100   1*  OIL/ 
INJECTR  G   1   1    1*  WATER// 
COMPDAT 
PRODUCR    100 100   1  1  OPEN   0    1*   0.1  1*/ 
INJECTR    1   1    1  1  OPEN   0    1*   0.1  1*// 
       
WCONPROD 
-- WELL       OPEN/    CNTL      OIL      WATER     GAS      LIQU     RES.      BHP 
-- NAME       SHUT     MODE      RATE     RATE      RATE     RATE     RATE 
 PRODUCR     OPEN      RESV      1*       1*        1*       1*      225.39     1*   // 
 
WCONINJ 
--Name       Type   Open/close   Ctrl.MD  Sur.rt   Res.rate   voidage  voidage     BHP    THP     TabNo   VapoilDisgas      
INJECTR     WATER   OPEN         RESV      1*      225.39         1*      1*        1*      1*       1*      1*    // 
 
WSALT 
INJECTR 1 / 
/ 
TUNING 
1 3/ 
/ 
/ 
TSTEP  
 10*47.14 
/ 
TSTEP  
 10*47.14 
/ 
TSTEP  
 10*47.14 
/ 
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TSTEP  
 10*47.14 
/ 
TUNING 
1 3/ 
/ 
/ 
WSALT 
INJECTR 30 / 
/ 
TSTEP  
 10*47.14 
/ 
TUNING 
1 3/ 
/ 
/ 
TSTEP  
 10*47.14 
/ 
TUNING 
1 3/ 
/ 
/ 
TSTEP  
 10*47.14 
/ 
TSTEP  
 10*47.14 
/ 
TSTEP  
 10*47.14 
/ 
TSTEP  
 10*47.14 
/ 
END 
 
 
